Encoding ribonuclease H1 (RNase H1) degrades RNA hybridized to DNA, and its function is essential for mitochondrial DNA maintenance in the developing mouse. Here we define the role of RNase H1 in mitochondrial DNA replication. Analysis of replicating mitochondrial DNA in embryonic fibroblasts lacking RNase H1 reveals retention of three primers in the major noncoding region (NCR) and one at the prominent lagging-strand initiation site termed Ori-L. Primer retention does not lead immediately to depletion, as the persistent RNA is fully incorporated in mitochondrial DNA. However, the retained primers present an obstacle to the mitochondrial DNA polymerase γ in subsequent rounds of replication and lead to the catastrophic generation of a double-strand break at the origin when the resulting gapped molecules are copied. Hence, the essential role of RNase H1 in mitochondrial DNA replication is the removal of primers at the origin of replication.
Encoding ribonuclease H1 (RNase H1) degrades RNA hybridized to DNA, and its function is essential for mitochondrial DNA maintenance in the developing mouse. Here we define the role of RNase H1 in mitochondrial DNA replication. Analysis of replicating mitochondrial DNA in embryonic fibroblasts lacking RNase H1 reveals retention of three primers in the major noncoding region (NCR) and one at the prominent lagging-strand initiation site termed Ori-L. Primer retention does not lead immediately to depletion, as the persistent RNA is fully incorporated in mitochondrial DNA. However, the retained primers present an obstacle to the mitochondrial DNA polymerase γ in subsequent rounds of replication and lead to the catastrophic generation of a double-strand break at the origin when the resulting gapped molecules are copied. Hence, the essential role of RNase H1 in mitochondrial DNA replication is the removal of primers at the origin of replication. (1) . Based on electron microscopy (2), 5′ end mapping of DNA ends (3) (4) (5) and later 2D agarose gel electrophoresis (2D-AGE) studies (6, 7) it was inferred that replication of mammalian mtDNA is frequently unidirectional, commencing within the NCR.
In mammalian mitochondria, initiation of DNA synthesis occurs preferentially at or near two specific sites. On the leading strand, initiation has been assigned to a prominent free 5′ end of DNA, designated as Ori-H, located at nucleotide position 16,034 on the map of the mouse mitochondrial genome. Ori-H lies downstream of the light-strand promoter (LSP), and RNA species spanning from LSP to approximately Ori-H have been detected in mammalian mitochondria, albeit not covalently linked with DNA (8) . LSP has been robustly mapped both in vivo (9) and in vitro (10) and is assumed to be used by mitochondrial RNA polymerase (POLRMT) to synthesize polycistronic transcripts of the light strand and to generate much shorter products terminating in the NCR, which serve as primers for leading (H-)strand DNA synthesis. POLRMT is also implicated in the synthesis of a primer at a short spacer DNA amid a cluster of five tRNA genes (termed Ori-L) that is a major site of initiation of lagging-strand DNA synthesis (11, 12) . A role for encoding ribonuclease H1 (RNase H1) in generating, processing, or removing primers at Ori-H and Ori-L has been inferred but has not been experimentally tested.
Other data indicate that the initiation of mtDNA replication is more complex, because the NCR contains a second putative origin of replication, termed cluster II, or Ori-b (7, 13) . Moreover, other sites of second-strand DNA synthesis than Ori-L have been inferred both by atomic force microscopy (14) and neutral 2D agarose gel electrophoresis (7, 13) . Mitochondrial DNA replication can also result in the formation of fully duplex DNA intermediates that appear to be products of conventional coupled leading-and lagging-strand DNA synthesis (6) , and replication of this type has been inferred to originate across a broad initiation zone extending well beyond the NCR (15, 16) .
RNA has another role in mtDNA replication. Processed transcripts are incorporated into replication intermediates throughout the lagging strand, and these RNA-containing species are in a precursor-product relationship with mature, fully replicated mtDNA (7, 17) . The mechanisms by which RNA/DNA hybrid-containing replication intermediates are generated and processed remain unknown, but a role for ribonucleases, in particular RNase H1, is again plausible (18, 19) .
Enzymes with RNase H activity degrade RNA only when it is hybridized to DNA. One such enzyme, RNase H1, is essential for mtDNA maintenance in mice, as its ablation leads to embryonic lethality, owing to mtDNA depletion (18) . In many organisms and plasmids, RNase H processes RNA of RNA/DNA to create the preferred substrates of DNA polymerases, subsequently removes these RNA primers after initiation of DNA synthesis (20) , and degrades others to prevent DNA initiation (21) .
Here, analysis of mtDNA molecules from mouse embryonic fibroblasts (MEFs) lacking the exons V-VII of the Rnaseh1 gene revealed prominent DNA ends at four discrete sites in the mouse mitochondrial genome, located in the vicinity of the major replication initiation sites. These findings indicate an essential role Significance Cellular energy production is a function of the abundance of the small circular DNA molecules in mitochondria. Mitochondrial DNA is replicated in both dividing and nondividing cells, and encoding ribonuclease H1 (RNase H1) is essential to this process. Here, we define its mechanistic role: the removal of the RNA primers used for mitochondrial DNA replication. In the absence of RNase H1, primers are fixed in both template strands of mitochondrial DNA. The retained primers are a major impediment to mitochondrial DNA polymerase γ, leading to the formation of persistent DNA gaps that are catastrophic for subsequent rounds of replication. Moreover, primer retention provides unambiguous identification of RNA-DNA transition sites in the control region of mitochondrial DNA, thereby defining two major origins of replication.
for RNase H1 in the removal of RNA primers. In the absence of RNase H1, persistent H-strand RNA primers in the NCR are not efficiently sealed by ligation. Initiation of a second round of replication on such nicked or gapped molecules creates intermediates with a double-strand break at the origin, whose replication cannot be completed, instead generating dead-end products.
Results and Discussion
Rnaseh1 Ablation in Mouse Cells Creates Prominent Linear Ends of mtDNA Mapping to the NCR. The loss of Rnaseh1 was previously shown to induce rapid mtDNA depletion (18) . Because its substrate is RNA/DNA hybrid, this finding implies that processing or removal of one or more segments of RNA from replicating mtDNA molecules is essential for the replication process. To investigate this phenomenon at the molecular level and identify the precise steps at which RNase H1 activity is essential, we generated tamoxifen-inducible conditional knockout MEFs (Materials and Methods). After confirming that the gene was excised on addition of the drug, with loss of RNase H1 activity and mtDNA depletion (SI Appendix, Fig. S1 ), we analyzed the remaining mtDNA for structural abnormalities.
We initially focused on fragments of mouse mtDNA that included the NCR [nucleotides (nt) 15,450-16,300], as it contains origins of replication, as well as the replication terminus (2, 22) . In MEFs retaining the Rnaseh1 gene, PstI/BamHI digestion yielded the expected fragment of 7.3 kb spanning nt 12,243-3,222 and a fainter shorter species of ∼4 kb whose 5′ end maps in the vicinity of Ori-H, based on its length and the probe applied (Fig. 1A, lanes 1 and 3) . In Rnaseh1-ablated cells, a much more prominent band of ∼4 kb (with an end near Ori-H, or LSP) was evident ( identified origins is retention of 5′ primer RNA at these locations. Furthermore, the decrease in signal of the full-length (7.3 kb) fragment suggests a substantial number of H-strands of mtDNA contain an RNA patch in the NCR contiguous with DNA at both ends, implying ligation of the 5′ end of the RNA to DNA. To map the putative nascent strands of DNA more precisely and establish whether they retained an RNA primer, we applied high-resolution agarose gel fractionation to denatured DNA fragments. The approach was also designed to distinguish nascent strands of DNA mapping in the vicinity of Ori-H from the 7S DNAs of the mitochondrial D-loops (Materials and Methods and SI Appendix, Fig. S1 E and F) . The 5′ end of the majority of nascent strands of mouse mtDNA longer than 7S DNA mapped to nucleotide position (np) 16,034 ± 20 (i.e., Ori-H). This map position was judged by migration of markers (Fig. 1B) with ends at LSP, the three conserved sequence blocks (CSBs), and np 16,034 ( Fig. 1C and SI Appendix, Fig. S2 A and B) . The major 5′ end of murine mtDNA detected by other methods also maps to np 16,034 (7, 8) . A minor band, whose 5′ end mapped to CSB2, was also detectable in murine mtDNA samples, and it was slightly more distinct after Eco-RNase H treatment (Fig. 1C and SI Appendix, Fig. S2C, lanes 1 and 2) .
Analysis of mtDNA from MEFs lacking Rnaseh1 revealed a further fragment, barely detectable in control mtDNAs, whose 5′ end mapped at or close to LSP (Fig. 1D and SI Appendix, Fig.  S2C ). In vitro treatment with RNase H before denaturation greatly decreased the signal from this fragment while markedly increasing that of the fragment ending close to np 16,034. These findings are consistent with primer synthesis commencing at LSP and a major transition point to DNA synthesis at np ∼16,034 ( Fig. 1 C and D and SI Appendix, Fig. S2C) , with efficient primer removal in WT cells and tissue. Previous studies detected a prominent 5′ end of mouse mtDNA at np 16,034 (7) , which the present data indicate to be a major RNA-DNA transition site for the initiation of mtDNA replication, Ori-H. Furthermore, this site coincides with the predominant 5′ end of mouse 7S DNA based on other analytical methods (8, 23) . The persistence, in Rnaseh1-deficient cells, of a segment of RNA/DNA hybrid extending ∼150 nt upstream from Ori-H to LSP strengthens the view that mitochondrial RNA polymerase POLRMT is responsible for primer synthesis, as it is known to bind to LSP and initiate transcription from this site (10) . The data are thus consistent with the proposition that both productive replication and D-loop formation involve primer initiation at LSP and transition to DNA synthesis at Ori-H in the mouse and that RNase H1 is required for removal of this primer.
Ori-b Intermediates Accumulate in Rnaseh1
−/− MEFs. The 5′ end of the other prominent H-strand fragment found at elevated levels in Rnaseh1 −/− cells (Fig. 1A) was located in the vicinity of the second proposed origin of replication inside the NCR, Ori-b (7, 13) . Ori-b of mouse was previously mapped approximately by 2D-AGE, and the region was found to be associated with a prominent free 5′ end of DNA at nt 15,625 on the H-strand, based on ligation mediated (LM)-PCR analysis (7) . To map accurately the fragment ends in the vicinity of Ori-b of Rnaseh1 −/− cells high-resolution AGE was again used. In vitro Eco-RNase HI treatment of mtDNA of Rnaseh1 −/− cells produced a fragment slightly shorter than a marker fragment terminating at np 15,625, indicating a retained RNA-DNA transition site at approximately np 15,600 ( Fig. 2 and SI Appendix, Fig. S3 A and B) , in addition to that at Ori-H. LM-PCR analysis of gel-extracted DNA fragments from Rnaseh1-ablated MEFs identified np 15,605 as the longest prominent free 5′ end of DNA, and thus we infer the major Ori-b RNA-DNA transition site to be located at this site (SI Appendix, Fig. S3C ). The absence of any detectable H-strand DNA ends between Ori-H and Ori-b (SI Appendix, Fig. S4 ) suggests that RNA primers extend from LSP to either Ori-H or Ori-b (as illustrated to the right of the gel image in Fig. 2 ) and that these represent sites of transition to DNA synthesis.
Increases in the levels of DNA fragments with ends at Ori-H and Ori-b were also evident when digestions with RNase H1 and single-strand specific nuclease (SSN) were successively applied to restriction fragments of mtDNA from Rnaseh1-ablated MEFs (Fig. 3, lane 6 ). Species detected in controls (Fig. 3, lanes 1-3) were considered unrelated to cellular RNase H1 activity where the loss of Rnaseh1 did not increase their abundance. SSN alone enhanced the double-stranded DNA fragments with an end near LSP (Fig. 3, lane 5 compared with lane 4) . These results indicate not only the retention of primer RNA but also a persistent nick or gap opposite LSP in some molecules.
RNA at Ori-L Is Fully Incorporated into Daughter Molecules. To determine whether RNase H1 also processed the primer at Ori-L, we carried out a similar analysis of the Ori-L region of mtDNA of Rnaseh1-ablated and control MEFs. In vitro Eco-RNase HI treatment truncated a small fraction of the XmnI fragments of MEF mtDNA spanning np 1,634-6,036, and this population was a greater proportion of the total after ablation of the Rnaseh1 gene (Fig. 4A) , which is commensurate with increased retention of a primer in this region of murine mtDNA as a consequence of loss of Rnaseh1. The length of the product, detected by a probe specific for the L-strand (L1912-2267), was ∼3.6 kb, consistent with a primer at Ori-L (np 5,160-5,191). Likewise, digestion of mtDNA with BstXI and PstI and application of probe L8124-8424 revealed a 3.3-kb fragment spanning approximately Ori-L to np 8,424 (Fig. 4B) . The increase in products flanking Ori-L after Eco-RNase HI treatment suggests the Ori-L primer was in many molecules covalently linked to the DNA, by ligation at its 5′ end, as well as contiguous with the DNA at its 3′ end.
Accumulation of Incorporated RNA in the Vicinity of LSP on the L-Strand of Rnaseh1
−/− MEF mtDNA. Next the entire mitochondrial genome was screened for RNA patches by analyzing both strands of three large overlapping fragments of mtDNA. Fragment ends consistent with primers ending at Ori-H, Ori-b, and Ori-L were present at high abundance in mtDNA samples from Rnaseh1-ablated MEFs (SI Appendix, Fig. S5, I and II) . The only other prominent species associated with loss of RNase H1 was a truncated L-strand fragment with a 5′ end of DNA located in the NCR (Fig. 5A and SI Appendix, Fig. S5I ). (np 16,183; Fig. 5B and SI Appendix, Fig. S6 ). Eco-RNase HI treatment increased the signal from this species but did not appreciably alter its mobility, suggesting that the fragment was released from much longer molecules; i.e., the full-length fragment. Our analysis indicates persistent RNA patches on both strands in the vicinity of LSP in the absence of RNase H1 (Figs. 1D, 2 , and 5). To probe the structure of this region in more detail, we digested mtDNA from Rnaseh1-ablated MEFs with BclI, which cuts at nt 16,179, very close to LSP (nt 16, 183) . In addition to the usual limit-digest products of 4.15 and 2.45 kb, there was a fragment of 6.6 kb, indicating nondigestion at nt 16,179 (Fig.  6A) . Gel extraction, Eco-RNase HI digestion, and denaturing gel electrophoresis of the 6.6-kb fragment revealed two L-strand species of ∼2.5 and ∼4.1 kb (Fig. 6 B and C) , consistent with the presence of a fully incorporated RNA patch close to LSP, in approximately half of the molecules.
H-strand species of 4.1 kb were also released by denaturation of the 6.6-kb fragment (Fig. 6D) , corresponding with those identified earlier as retaining primer RNA from LSP to Ori-H or Ori-b (Fig. 1D, 2, and 3) . Eco-RNase HI modified the remainder of the H-strand material, enhancing the 4.1-kb products seen on denaturing gels (Fig. 6D) . Thus, the 6.6-kb fragment systematically contains incorporated H-strand RNA across the restriction site, approximately half of which is covalently joined to DNA at both ends. The presence or absence of an RNA patch on the L-strand and the presence or absence of a gap associated with the H-strand RNA patch predicts four possible double-stranded species, according to whether these structures are found on the same or different molecules (Fig. 6E) .
Inferences Regarding the Role of RNase H1 in mtDNA Replication.
The detrimental effects of Rnaseh1 ablation enable us to reconstruct a number of key events in mtDNA replication. Primer RNA is synthesized, presumably by POLRMT, from LSP to Ori-H or Ori-b, where the transition to DNA synthesis occurs. Ordinarily RNase H1 rapidly removes these primers. The RNA primer synthesized at the major lagging-strand DNA initiation site Ori-L is also processed by RNase H1, as is a previously unreported patch of primer RNA on the L-strand mapping in the vicinity of LSP. Synthesis of both of these primers is also most likely attributable to POLRMT as the enzyme is capable of priming at Ori-L in vitro (11) , and LSP has been previously suggested to act bidirectionally (8) . Although initiation of second-strand DNA synthesis has been proposed previously to be the only such event required for replicating the L-strand of mammalian mtDNA (24) , the discovery of a RNA patch on the L-strand at LSP suggests the final third is the product of a distinct priming event.
In the absence of RNase H1, no other enzyme is able to process or remove the primers in the NCR efficiently. However, RNase H1 cannot remove every last ribonucleotide of an RNA/ DNA hybrid, and therefore other factors should also be required, such as those implicated in Okazaki fragment processing in the nucleus, that have also been found in mitochondria (25) (26) (27) , and, possibly, MGME1 (28) .
The various types of gapped and closed RNA-containing mtDNA molecules that accumulate in the absence of RNase H1 (Fig. 6E ) are consistent with a relatively straightforward model, under which primer retention is not an insurmountable obstacle to the completion of mtDNA replication. The persistent RNAs are capable of being fully incorporated into mtDNA. However, although mitochondrial DNA polymerase [DNA polymerase γ (POLG)] copes well with a single ribonucleotide in a DNA template, more extensive RNA patches are a major impediment to its ability to synthesize DNA (29) . Thus, retained RNA primers in mtDNA are expected to cause replication stalling and arrest and prevent the completion, and ultimately the initiation, of subsequent rounds of replication. In the case of the incorporated H-strand RNA primers in the NCR, POLG will be faced with a stretch of ∼150 or 550 ribonucleotides (Fig. 7,  species b and c) . The retained primer at Ori-L (Fig. 4) , although shorter (11) , is expected to cause similar problems. Failure to synthesize across these stretches of RNA will result in fragile molecules highly susceptible to breakage, especially in the case of initiation events at Ori-b. It is almost inconceivable that a daughter molecule with single-stranded RNA of this length in the NCR will be fit for further rounds of replication, and as such, they are likely to be rapidly degraded. The situation is no better in the case of molecules retaining an L-strand primer at LSP (Fig. 7,  species d) . Although the retained primer is much shorter than those on the H-strand, and hence the fragile region formed in the second round of replication much narrower (Fig. 7, species e) , it is located close to the origin, and in the third round of replication, in the absence of RNase H1, the displaced H-strand will be free and will generate a double-strand break at the origin of replication (Fig. 7,  species f) . Such breaks would result in intermediates that are shorter than the unit length restriction fragment (sub-1n) after digestion with an enzyme(s) whose restriction sites flank the origin. Breakage in the single-stranded RNA region of species c2 or e would yield essentially the same product. Fragments truncated to approximately Ori-H and Ori-b, commensurate with species f, and broken forms of species c2 or e were detected when 1D- (Fig. 3, lane 4) or 2D-AGE (SI Appendix, Fig. S7 ) was applied to mtDNA samples from Rnaseh1-ablated MEFs digested with DraI or BlpI/StuI. Model of aberrant mitochondrial DNA replication in the absence of RNase H1. Primers on the H-strand from the LSP to the origin of replication Ori-H (or Ori-b, not illustrated) persist when RNase H1 is absent, and these are fully incorporated into mtDNA at the end of the replication cycle. In the next round of replication, the mitochondrial DNA polymerase γ (POLG) encounters a stretch of 150 (or 550) ribonucleotides of which it is expected to be able to synthesize only one or a few ribonucleotides, as it is a poor RNA-dependent DNA polymerase (29) . RNase H1 ablation revealed a RNA patch on the L-strand near LSP that will prevent completion of H-strand synthesis once it is incorporated in the template strand. In the subsequent round of replication, the gap in the template H-strand effectively creates a double-strand break (DSB) at the origin (irrespective of RNA in the H-strand template).
